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Abstract 
To push silicon solar cells up to their theoretical limit and, in the meantime, minimize the amount of active material employed, 
many researchers have proposed to fabricate silicon solar cells starting from substrates of 100μm or below. A considerable number 
of methods have been proposed to overcome the limitations of the standard sawing technique but, all of them present some 
drawbacks. One of these methods, the Slim-cut method, exploits the stress-induced by the deposition of a layer on top of a thick 
silicon substrate to separate a thin silicon foil. This process however did not solve the issues linked to the processing of free-
standing foils. 
In this work we present a flow to process the Slim-cut foils into solar cells by minimizing the number of process steps performed 
on free-standing foils to just one step. The possibility to tune the thickness of the obtained silicon foil is investigated both by 
analytical calculations and experimental results. Moreover, a solution to remove the stress-inducing layer compatible with the flow 
is reported and lifetime measurements of samples bonded on glass demonstrate that the quality of the samples is high enough for 
the fabrication of solar cells. 
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1. Introduction 
Nowadays, commercial crystalline silicon solar cells are manufactured from 200μm-thick wafers but simulations 
suggest that higher efficiencies can be reached for substrates with a thickness of 100μm or below [1]. Nevertheless, 
complications arise when the thickness of the initial substrates is reduced; firstly, common sawing technique would 
waste almost half of the material and, secondly, the fragility of these thin foils makes difficult to process them free-
standing. Many alternative methods have been proposed to overcome these problems but, all of them show some 
drawbacks [2]. One of these methods makes use of an epoxy stress-inducing layer to peel off a silicon substrate to 
manufacture thin foils [3]. The residual stress induced by the dispensing of the layer and the subsequent cooling stage 
guides a crack to propagate along a direction parallel to the interface between the top layer and the substrate. In this 
way a thin foil is separated from a thick parent substrate. So far, this technique has been proven on bare silicon 
substrates, both mirror polished and rough. Therefore, although we can expect that the adhesion of the polymer on 
rough surfaces will be stronger due to the interlocking mechanism, rough surfaces are not compulsory for achieving 
the lift-off of foils. However, as it was proposed so far, this method solves the problems related to the fabrication of 
the foil but it still does not tackle the issues linked to the processing of free-standing foils. 
In this work we propose a flow that reduces the processing steps that have to be performed on thin free-standing 
foils. The front-side of a back-contact solar cell is processed on the thick silicon substrate prior the lift-off of the foil, 
avoiding in this way yield problems. The foil is then cleaned and bonded on glass. Once bonded to glass, the back-
side can be processed as a HIT i-BC solar cell in order to be compatible with the temperature constrains imposed by 
the presence of silicone while the glass sustain the foil.  
2. Experimental method 
The envisaged process flow is depicted in Fig. 1. The front-side of a high efficiency i-BC solar cell is processed on 
CZ n-type silicon wafers with a thickness of 700μm and resistivity of 1 Ωcm. This consists of a wet texturing, POCl3 
diffusion and a SiNx deposition. Afterward, a notch is laser-scribed on the side edge of the substrate with a nanosecond 
pulsed fiber IR-laser and an epoxy layer is dispensed by Dam&Fill technique. The Dam&Fill technique is commonly 
employed for encapsulation in the integrated circuit industry and it consists of the dispensing of a viscous confining 
material, the Dam material, at the edges of the sample and, then, filling the defined area with a less viscous material, 
the Fill material. The two materials are then co-cured at 150°C for 1 hour and, while the samples cool down to room 
temperature, residual stresses build up in the substrate due to the mismatch between the coefficient of thermal 
Fig. 1. Scheme of the flow to fabricate foils produced by epoxy-induced spalling of silicon into solar cells 
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expansion of silicon and the one of the epoxy layer. These residual stresses are increased by moving the sample close 
to a cold source (liquid nitrogen).  
When the stresses at the notch reach the strength of silicon, a crack starts propagating in a direction parallel to the 
silicon/epoxy interface. The temperature at which this happens has been registered by a thermocouple in contact with 
the epoxy layer. The thickness of the polymer has been tuned in order to obtain a 100 μm-thick silicon foil. After 
detachment, the polymer layer is completely removed after 5 minutes in H2SO4:H2O2 (4:1) solution at 120°C and the 
remaining residues are etched by a fast dip in diluted HF:HCl solution. Once cleaned, the foil is bonded to glass and 
the back-side of the solar cell can be processed at module level while the glass provides the mechanical support to the 
foil.  
After bonding, the sample is exposed to oxygen plasma as proposed in [4] and an intrinsic a-Si:H passivation layer 
is deposited to mimic the same passivation scheme that will be used in the solar cell processing. The minority carrier 
lifetime is then mapped by pholuminescence (PL) imaging and correlated with the features left by the crack 
propagation. 
3. Results and discussion 
The phenomenon of spallation of thick substrates due to residual stresses is described by the theory developed by 
Suo and Hutchinson [5]. In brittle materials, such as silicon, cracks propagate in pure Mode I (pure opening). Suo and 
Hutchinson demonstrated that this condition is fulfilled at a certain distance from the interface. They also found that 
this distance (and, thus, the thickness of the final foil) depends on the Dundurs’ parameters, i.e. the ratio between the 
mechanical properties of the substrate and the layer, and the thicknesses of the substrate and the layer. Therefore, the 
thickness of the foil can be tuned by changing the thickness of the polymer, provided that the mechanical properties 
of the polymer do not change. This is not the case if the spallation happens at different temperatures since the 
mechanical properties of the epoxy depend on the temperature. 
The measurements of the spallation temperature show that the detachment happens generally between -50°C 
and -100°C, depending on the thickness of the epoxy layer. At this temperature, the Young’s modulus of the Fill 
material is between 14 GPa (at -50°C) and 18 GPa (at -100°C). With these values, Suo and Hutchinson theory has 
Fig. 2. Thickness of the foil as a function of the thickness of the epoxy layer. The solid and dash lines represent the thickness the 
estimation through the theory of Suo and Hutchinson for crack initiating at -100°C and -50°C, respectively. The experimental 
results are indicated with the squares and are grouped by the value of the Young’s modulus of the epoxy layer. The Young’s 
modulus of the epoxy layer is indicated by the colour code. 
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been applied to predict the thickness of the final foil (Fig. 2). Cross-sectional SEM pictures have been taken on 
different part of the samples to evaluate the thickness of the foil and the polymer. The results of the measurements are 
reported in the same graph for comparison. Thickness measurements on the same sample have been grouped within 
the same colored ellipses. The color of the ellipses represents the value of the Young’s moduli of the epoxy layer at 
the spallation temperature. The figure highlights the good agreement between the results of the analytical calculation 
and the experimental results. Therefore, the thickness of the foil can be tuned to 100μm if a ~500μm-thick epoxy layer 
is dispensed and the thickness of the Dam material is tuned to make the spallation starts at -50°C. 
One of the samples detached with the presented technique is depicted in Fig. 3. The sample has been detached from 
a 7x7cm2 substrate which is, to the best of our knowledge, the largest successful detachment obtained with this 
technique that has been reported in literature. This suggests that the presence of the random pyramids and the SiNx 
layer do not significantly affect the propagation of the crack and its stability. The reason for this is that the crack 
propagates at a distance from the front-side, i.e. 100μm, much larger than the size of the typical features of the 
texturing, i.e. a few micrometers, and the thickness of the SiNx layer. Moreover, since the interface between the 
polymer and silicon is subjected to compressive stresses, initiation of cracks from the rough textured surface is 
prevented. 
After the removal of the epoxy layer, the reflectivity of the sample has been measured and compared with the 
reflectivity of the substrate before detachment to check if the polymer removal was degrading the ARC (see Fig. 4). 
The graph shows no significant differences between the two measurements and, thus, it can be concluded that the 
polymer removal is compatible with the ARC. After the removal of the epoxy layer, the ARC is still homogeneous 
(see Fig. 4b) and no large residues of polymer could be found by SEM inspection.  
To examine the quality of the foil, calibrated photoluminescence measurements of bonded samples after a-Si:H 
passivation of the back-side have been performed. As-cut samples show an effective minority carrier lifetime of 97μs 
(see Fig. 5b). Similar values of minority carrier lifetime have been reported in literature [6] for foil produced with the 
same technique starting from non-processed silicon substrates. This is a further proof that the presence of the SiNx 
layer and the textured surface does not affect the detachment process. 
Although the processing of the front-side before detachment is not affecting the quality of the silicon foil, the 
minority carrier lifetime is still much lower than normal Cz wafers. A possible reason could be found in micro-cracks 
induced by the spallation process. Masolin et al. [7] inspected foils produced with a similar technique by electron spin 
resonance (ESR) technique. Their work showed that the foils present a region, close to the surface, where D-lines 
associated with dangling bonds in a disordered environment are present. They argued that these crystalline defects are 
due to the presence of micro-cracks and they estimated the thickness of this defected layer to less than 5 μm. 
The same defected region can be expected on the parent substrate and, it should be removed before reusing the 
parent substrate for the lift-off of a second layer. Also the roughness might have an effect on the reuse of the substrate 
Fig. 3. Picture of one of the spalled 7x7 cm2 samples showing the crack surface 
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and one could argue that the parent substrate should be polished to achieve the successful detachment of a second foil. 
However, with the same technique on bare silicon wafers, the lift-off of multiple layers from the same substrate has 
already been demonstrated without polishing stage [8]. 
Fig. 5 also shows the PL image of this sample and the measurements of roughness on different regions of the 
sample. Regions with lower lifetime seem to correlate with regions with higher roughness. The lower lifetime in these 
regions could be due either to a detrimental effect of the roughness on the quality of the a-Si:H passivation or to the 
different optical properties within the sample. Nonetheless, the measured value of lifetime corresponds to a lower 
limit in the diffusion length, i.e. in case of zero surface recombination velocity, of 330μm. This value is already more  
Fig. 4. (a) Reflectivity of Slim-cut samples before and after cleaning, (b) picture and (c) SEM picture of the of the front-side after 
cleaning 
Fig. 5. (a) PL image and (b) lifetime measurements of 100μm-thick foils obtained by spallation bonded on glass 
 
than three times larger than the thickness of the foil and, therefore, the quality of the substrate is high enough for 
manufacturing double side contacted solar cells, such as PERT or PERC structures. To process HIT-iBC solar cells, 
the quality of the layer has to be further improved. As discussed above, this improvement might be achieved by etching 
few micrometers of active material. Furthermore, the requirements on the minority carrier lifetime could be loosen by 
reducing the pitch of the contacts on the back-side. 
4. Conclusions 
In this work, a flow to process thin silicon foils produced by epoxy-induced spalling of silicon is proposed. In order 
to minimize the number of processes performed on free-standing foils, the front-side of the solar cell is processed 
before detachment. The tuning of the epoxy layer thickness to fabricate a 100μm-thick silicon foil has been performed 
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When the detachment process is performed on front-side processed sample, relatively large areas can be still lifted 
off and the value of effective minority carrier lifetime is comparable with the ones already reported in literature on 
bare silicon substrates. This suggests that the processing of the front-side before detachment does not have a 
detrimental effect on the spallation process. A cleaning solution to remove the epoxy layer compatible with the front-
side of an i-BC solar cell has been presented. The lower limit of the diffusion length of samples with the same 
passivation scheme of the envisioned solar cell is already three times higher than the thickness of the sample. This 
lower limit is already enough to produce high efficiency double-side contacted solar cells but, in order to manufacture 
i-BC solar cells, the quality of the foil has to be further improved, for instance, by etching back few micrometers of 
active material to remove possible micro-cracks introduced by the spallation process. 
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